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ABSTRACT
CHARACTERIZATION OF DIRECTED ENERGY DEPOSITION ADDITIVELY
MANUFACTURED GRCOP-42 ALLOY
SCOTT LANDES
2020
GRCop is an alloy family constructed of copper, chromium, and niobium and was
developed by NASA for high heat flux applications. The first of its kind, GRCop-84, was
specifically designed for the environments seen by channel cooled main combustion
chamber liners. To further increase thermal conductivity while maintaining material
strength characteristics, the percentage of alloying elements were cut in half and GRCop42 was developed.
In recent years, NASA has successfully additively manufactured GRCop with
comparable material characteristics to wrought GRCop using a Laser Powder Bed Fusion
(L-PBF) process. Benefits of this process include fabrication of intricate cooling channels
as well as a decrease in manufacturing lead times. However, there are some
disadvantages in using this process. The nature of the powder bed process imposes a
strict volume constraint and requires an excessive amount of material inventory. A
Directed Energy Deposition (DED) process addresses these limitations while also
speeding up the manufacturing process. With little data on how DED performs
manufacturing GRCop-42, an investigation into the mechanical properties was
conducted. More specifically, Blown Powder Deposition (BPD, a DED process), was
used to compare material properties to that of the PBF manufactured GRCop-42.
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Through porosity and density testing, comparable material was produced by both
the DED and L-PBF process with the DED manufactured material having slightly more
porosity. However, comparing at similar developmental stages, the DED well
outperformed the L-PBF. Tensile testing concluded that L-PBF produced significantly
stronger parts over the DED material in the “as-printed” form. Among all testing, more
variation was seen in the DED material pointing to a more inconsistent process.
However, with further development, DED demonstrates the capability of producing
material of the same quality of that of L-PBF at lower material costs, faster build speeds,
and provides an AM method better suited for large-scale applications.
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1 INTRODUCTION
GRCop, noted GRC for its development at NASA’s Glenn Research Center
(GRC), is an alloy family in which copper is alloyed with chromium and niobium.
GRCop was designed for high heat flux applications such as regeneratively-cooled main
combustion chamber (MCC) liners and nozzles. These liners consist of cooling channels
in which liquid propellent flows and is used as a coolant to dissipate heat from the
combustion chamber prior to being supplied as fuel. Figure 1 illustrates the cross-

Figure 1. Illustration of a Cross Sectional View of a Channel-Cooled MCC

sectional view perpendicular to the longitudinal axis of a simplified regeneratively-cooled
MCC. The copper liner carries the liquid propellent in which is used as a coolant for
dissipating heat from combustion chamber. The liner is reinforced with a structural jacket
typically made from a nickel alloy (Inconel). Similar fabrication techniques for channel
wall nozzles and combustion chambers are used. To reduce manufacturing costs, NASA
has been evaluating other feasible manufacturing approaches [1] [2] [3].
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Within the past years, NASA’s Marshall Space Flight Center (MSFC) and Glenn
Research Center (GRC) has led the way in exploring the use of additively manufacturing
(AM, commonly referred to as 3D printing) for spaceflight applications. AM is a process
by which material is deposited layer by layer as opposed to traditional forming and
machining methods. Specifically, research has been conducted on the performance of
AM GRCop-42 using a Powder Bed Fusion (PBF) technique [4] [5] [6]. However, PBF
has its drawbacks in that it requires an excess of powder for each print and the powder
bed puts a strict volume constraint on the scalability. The PBF process is illustrated in

(a)

(b)

Figure 2. Illustration of (a) PBF Process [25] and (b) BPD Process [16]

Figure 2a. A directed energy deposition (DED) AM process has potential to improve
upon both of those issues seen in PBF. Blown powder deposition (BPD), a DED process,
involves jetting an atomized powder into the path of a high intensity energy source such
as a laser. An illustration of this process is shown in Figure 2b. DED would allow for the
process to be far more scalable, for the main limiting factor is the gantry (or robotic arm)
system as opposed to the powder bed volume. Also, the quantity of material required for
manufacturing would only pertain to the volume of the part itself [7].
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This thesis aims to investigate DED manufactured GRCop-42 and compare it to
the results reported using PBF as well as conventional manufacturing methods.
Specifically, porosity, tensile strength, surface roughness, and density will be investigated
and compared. Collecting quantifiable data on the DED manufactured GRCop-42 will
yield the research in determining the feasibility and effectiveness of applying this process
towards reducing costs and increasing throughput of manufacturing for applications such
as regeneratively-cooled channel wall MCC liners and nozzles.
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2 LITERATURE REVIEW
2.1 GRCop Alloy Family
NASA’s GRC developed the dispersion strengthened copper-based alloy family
of GRCop. Other copper-based alloys have also been evaluated such that similar
performance and structure was expected but GRCop has been found at the forefront [8]
[9]. The alloying elements of chromium and niobium create Cr2Nb particles in which
help impede dislocations therefore strengthening and retaining strength at elevated
temperatures [10]. The Cr2Nb particles make producing this material more difficult
because conventional casting methods cannot be used since the Cr2Nb particles grow to
undesirable sizes during the cooling processes. The alloy must be produced using

Figure 3. GRCop-84 Powder Sectioned and Displays the Cr2Nb Particles [10]

rapid solidification processes such as gas atomization to ensure small Cr2Nb particles.
The powder produced is fine with a typical mean powder size of 40 μm [10]. The powder
can then be used in conventional fabrication techniques such as extruding or hot isostatic
pressing (HIP).
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GRCop-84 was the first of the GRCop family. It was specifically designed for
repeat use while exposed to the environment in a regeneratively-cooled combustion
chamber. As extruded, it is very fine grained (typically 2-7μm) and has great grain and
Cr2Nb particle stability at elevated temperatures [10]. GRCop-84 was compared to four
other competing alloys (AMZIRC, GlidCop Al-15, Cu-1Cr-0.1Zr, and Cu-0.9Cr ) in
which all alloys were subjected to a simulated brazing process to represent manufacturing
processes during the construction of MCC liners. It was found that GRCop-84
outperformed three of the alloys (AMZIRC, Cu-1Cr-0.1Zr, and Cu-0.9Cr) with better
strength and creep resistance while it also found that it retained better ductility compared
to the last competing alloy [11].
While GRCop-84 proved to provide excellent strength and manufacturability [12]
[13], a further increase in thermal conductivity was desired to further enhance heat
transfer and therefore engine efficiency. To increase thermal conductivity while
maintaining material strength characteristics, the percentage of alloying elements were
cut in half and was therefore designated GRCop-42 [14]. It was found that much of the
strength of GRCop-84 was retained at high temperatures in which were normal operating

(a)
Figure 4. Comparison of GRCop (a) UTS [5] and (b) LCF [13]

(b)
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conditions of an MCC liner. Specifically, at temperatures greater than 400 °C, the
ultimate tensile strength (UTS) of GRCop-42 was found to most nearly be the same as
GRCop-84 [5]. A slight decrease in low-cycle-fatigue life (LCF) was seen when
compared to GRCop-84 (Figure 4a). However, the LCF life of GRCop-42 was still very
comparable to NASA’s similar high heat flux alloy NARloy-Z (Cu-3%Ag-0.5%Zr) [14]
which is used as the MCC liner in the space shuttle main engine (RS-25) [3].
Some of the other influences on the development of GRCop was associated with
growing the powder supply chains and providing more options for high temperature high
heat flux applications. By the time GRCop-42 was under development, the powder
supply companies had already successfully produced GRCop-84. This resulted in
GRCop-42 being easier to meet powder specifications due to the lower percentages of
chromium and niobium.
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2.2 Additive Manufacturing of GRCop
Since the powder supply chains had already been developed for GRCop-84, it was
able to head start powder-based additive manufacturing methods for MCC liners. Starting
in 2014, NASA started on a development of producing GRCop-84 using PBF, more
specifically selective laser melting (SLM). Copper has challenges associated with AM
due to its high thermal conductivity and reflectiveness. However, GRCop-84 was proven
to be successfully manufactured using PBF which led to several successful hot-fire tests
in 2016 and 2017 at MSFC [4]. This led to the more defined development of GRCop-42
since a need for a higher thermally conductive material was foreseen.
In K.G. Cooper’s et al. “Three-Dimensional Printing GRCop-42”, an AM process
for producing GRCop-42 was developed [4]. Based on the previous AM work with
GRCop-84, a Concept Laser M2 was used to produce the PBF AM samples. A matrix of
data was collected where laser scan speed and power were varied while overall porosity
and average pore size were recorded. This allowed for optimum printing parameters of
GRCop-42 to be determined.

Figure 5. Porosity Results of PBF Manufactured GRCop-42 [4]
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These optimum parameters were then utilized for producing specimens for room
temperature tensile testing. Twenty-five specimens were printed and then post-processed
through a HIPing cycle typically used on GRCop-84. The printed specimens were
machined to specification for ASTM E8-style round specimens [15]. The results gathered
that “20 of the specimens resulted in a very tight range of ultimate tensile strengths
(UTSs), ranging only from 339 MPa to 356 MPa with elongations >20%”. The study then
concluded that GRCop-42 is an alloy that is a readily available alloy capable of being
printed at “fully dense” [4]. Looking at the microstructure, the L-PBF was found to
produce very evenly distributed Cr2Nb particles of smaller size compared to that of which
was traditionally extruded. Based on Ashby-Orowan strengthening, an increase in
strength can be predicted [16].
From the previous works described, it was concluded that GRCop-84 and
GRCop-42 were capable of being additively manufactured using PBF methods [17]. To
further evaluate the capability of AM GRCop, hot-fire tests were conducted. In 2019, a
“bimetallic hybrid additively manufactured combustion chamber” was manufactured and
successfully hot-fired using GRCop-84 for the MCC liner [18]. The liner was
manufactured using a PBF process, while an Inconel 625 structural jacket was cladded to
the liner using a hybrid blown powder DED process. It utilized a hybrid AM machine in
which additively deposits material and then machines the deposited material to
specification. Similarly, GRCop-42 has been AM using PBF and hot-fire tested in a “slipjacket channel-cooled chamber configuration” [5].
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Figure 6. AM PBF GRCop-42 MCC Liners [5]

These results could be directly compared to the performance of a L-PBF
additively manufactured GRCop-84 liner that was tested in the same way a year prior [6].
Vital information was gathered from these tests such that the performance of AM MCC
liners can be benchmarked against traditionally manufactured ones. This data will help
boost the progress of eventually utilizing AM for vital space flight components.
Both GRCop alloys have been successfully manufactured using AM. However, it
must be noted that GRCop-42 has certain benefits over GRCop-84. First, powder
suppliers can produce GRCop-42 to specification more easily. Secondly, GRCop-42 has
higher thermal conductivity with similar strength to GRCop-84 which makes it more
desirable to reduce MCC liner wall temperatures. Lastly, GRCop-42 build speeds have
proven to be faster by about 20% over GRCop84 [4]. For these reasons GRCop-42 is the
more attractive material for AM.
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2.3 Testing Standards
The AM industry has long been an area where interpreting and conveying
different types of manufacturing technologies has been difficult. In many cases,
manufacturing processes in which fundamentally work the same have been unable to be
grouped together as the same process due to commercial variations in methodology in
which their process is labelled differently. ASTM F2792 [19] outlines a standard
terminology for AM technologies. It gives structure for grouping these technologies to
help clarify and build a platform in which can effectively convey AM processes.
Tensile testing standard procedures for metallic specimens is reported in ASTM
E8 [15] and is recommended by the standard ASTM F3122 [20] which reports a standard
for evaluating mechanical properties of AM metals. A standard for reporting test
specimens prepared by AM is presented in ASTM F2971 [21]. Elevated temperature
tensile testing is much more complex and requires more specified equipment and
standards in which could not be fully met in this study. However, the processes used
throughout this study is thoroughly documented in the following sections. ASTM E21
[22] presents the standard for elevated temperature testing of metallic materials. In
accordance with ASTM E21, ASTM E633 [23] describes proper thermocouple standards
for creep and stress-rupture testing.
Metallography plays a vital role in examining the structure of a material. It allows
for the viewing of components inside of a material such as: grains, precipitates, and
porosity. To ensure that the process in which the specimens are prepared does not
influence results, ASTM E3 [24] addresses standards for the preparation of
metallographic specimens.
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Surface finish was also an area of interest. Differences in the surface finish of the
AM parts are expected between the different manufacturing methods. Therefore, surface
roughness, a quantitative representation of the surface’s texture, was recorded.
Measurements were taken in accordance with ISO 4287 [25] which documents a standard
for surface roughness measurements using the profile method.
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3 METHODOLOGY
3.1 Material Extraction
Material evaluated in this study included blown powder DED AM GRCop-42 and
L-PBF AM GRCop-42. NASA’s MSFC had FormAlloy manufacture single-pass thinwall contour parts to extract material from for testing purposes of the DED material.
Specifically, a FormAlloy X-Series LMD system under inert environment (<100ppm
Oxygen) was used. As for the L-PBF material, the material in the as received form was
cylindrical in shape with one end tapering to a point. The L-PBF AM GRCop-42 material
in the as received form is shown in Figure 7.

Figure 7. As Received L-PBF GRCop-42

Two different shipments of the DED manufactured material was received at South
Dakota State University on their original print substrate. An example of the part in the
original additive manufactured form is shown in Figure 8 along with a corresponding
coordinate system for referencing purposes. The manufacturing method and geometry of
each shipment was constant. However, the second shipment underwent a HIPing process
whereas the first shipment did not. For this reason, the first shipment of material will be
referred to as non-HIPed while the second will be referenced as HIPed.
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A band saw was used to extract sheets of material from the substrate. This would
allow for the creation of usable specimens for testing. First, a vertical cut was made such
that it separated each rounded end from the main body of the material. Next, a horizontal
cut was made along the print substrate to completely remove the larger rectangular sheets
from the substrate. These sheets provided a manageable size and shape to create test
specimens out of. Figure 8 displays the sheets extracted from a single part. It can be seen
the sheets came from the XZ plane where the build direction is in the Z.

Figure 8. As Received HIPed DED GRCop-42 (Left) and Example Material Sheets Extracted from AM Part
(Right)
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3.2 Density
Density is a property in which quantifies mass of a material per its unit volume.
Density changes depending on crystalline structure and what specific molecules make up
a material. Density is widely used as a quantifiable metric for all types of materials and
can be easily compared to densities of common materials to gain a better understanding
of the weight to volume ratio. The equation for density (ρ) is shown in EQ 1 where m is
the mass of the material and V is the volume of the material.
𝜌=

𝑚
𝑉

(1)

For the density measurements, samples were taken from both the HIPed and nonHIPed material manufactured by DED. Samples were also taken from HIPed GRCop-42
that was manufactured by L-PBF. The gathered information could then be compared to
evaluate if the HIPing or manufacturing processes had any notable differences. Samples
were extracted and sized as large as possible while still fitting in the testing chamber used
in volume measurements.
Density measurements were taken by first measuring the volume of the material
in a Micromeritics AccuPyc II 1340 Gas Pycnometer utilizing research grade helium as
the displacement gas. A testing chamber of 3.5 cm3 was used for all measurements. A
total of 10 purge cycles and 10 test cycles were used for the measurement of each
sample’s volume. All purge and test cycles had a fill pressure of 19.5 psig. After the
purge and test cycles were completed, the displayed volume and standard deviation was
recorded. Mass was then measured using a Denver Instruments PI-314 Analytical
Balance. Density was calculated using the measured mass and volume of the sample
using EQ 1.
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3.3 Porosity
Porosity is one of the largest problems that faces the metal AM industry today.
Porosity negatively affects material characteristics (tensile, fatigue, conductivity, etc.)
and is only desirable in a very limited specific set of applications (biomedical). Porosity
is essentially the percentage of voids (pores) in a material and is inversely proportional to
density. It is represented by the volume of voids found in a material divided by the total
volume of the material (EQ 2).
𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) =

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑉𝑜𝑖𝑑𝑠
∗ 100
𝑇𝑜𝑡𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒

(2)

Understanding how the manufacturing process affects porosity is one of the first
steps in determining the effectiveness of a metal AM process. It is desirable to reduce
porosity as much as possible. It is common practice to post-process metal AM parts by
means of HIPing since it has proven to be an effective tool for reducing porosity and
relieving residual stresses. For the porosity study, 8 samples were taken from both the
non-HIPed and HIPed GRCop-42 material manufactured by DED. Further, 5 samples
were taken from the HIPed GRCop-42 manufactured by L-PBF for porosity evaluation.
3.3.1 Sample Preparation
DED samples were cut into approximately 7mm by 7mm squares using a metal
shear. The samples were cut such that the XZ plane of the sheet was exposed allowing for
viewing of the print layer interfaces. Sample 1 was located at the top of the part. The next
seven samples were then systematically taken directly below the prior sample. The
cylindrical L-PBF samples were cross-sectioned; removing the pointed end (Figure 7) of
the parts exposing the circular interior of the material approximately 13mm in diameter.
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The porosity samples were then mounted in Buehler’s EpoxiCure 2
(thermosetting resin). The mounted samples were then ground down until the internal
surface of the material was fully exposed. To start, a silicon carbide paper of 400 grit was
used until a uniform surface finish was achieved. This process was then repeated, with
increasing grit size, until a uniform surface finish ground to 1200 grit was completed.
Following, the samples were polished using a diamond suspension starting at 6 μm and
working down to 0.25 μm. The samples were then finished with a colloidal silica
suspension of 0.05 μm. Immediately after polishing, the samples were placed in an
ultrasonic cleaner of ethanol for 15 min. This resulted in a mirror like finish that was free
of any material defects imposed by the polishing process. Figure 9 displays a mount in
which four of the DED samples have been prepared for porosity measurements. The LPBF samples were prepared in the same manner.

Figure 9. DED Prepared Samples for Porosity Measurements

3.3.2 Testing Methodology
The prepared porosity samples were then taken to a Keyence VK-9710 laser
microscope for image acquisition. Images were taken at 1,200x magnification and used to
create a stitched image of each individual sample. This provided one image of each
sample’s surface for evaluation. The image was then used as a sample area in which
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could be evaluated for porosity through image processing. Taking a stitched imaged
allowed for higher magnification individual images to collect the vital porosity
information that would otherwise not be seen if only one image at lower magnification
was taken. An example is shown in Figure 10.

Figure 10. Example of Stitched Image Used for Porosity Measurements

The image was then post-processed using ImageJ software [26]. ImageJ is an
open source image processing software in which was utilized for quantifying all porosity
values. After the stitched image was imported into the software, the image was converted
into an 8-bit greyscale image. This process applies an intensity value to each individual
pixel. Since, it was converted to an 8-bit image, intensity values ranged from 0 to 28
(256) where an intensity value of 0 was representative of black and a value of 256 is
white. Due to the large contrast that the pores and mounting material have with the
surface finish of the copper alloy, two distributions on each side of the color intensity
histogram could be seen. This allowed for the application of a thresholding model to
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create a binary (black and white) image. ImageJ’s default thresholding model was used
for all porosity measurements to ensure repeatable measurements. The resulting image
from post-processing is shown in Figure 11.

Figure 11. Example of Post-Processed Image for Porosity Measurements

Following post-processing, a particle analysis within ImageJ could be applied to
the sample surface to calculate porosity. This was done within the software by
determining the pores and dividing by the selected analysis area where the black pixels in
the images represent porosity. This resulted in a porosity measurement as well as data
such as mean pore diameter, standard deviation, and maximum pore area.
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3.4 Surface Roughness
Surface roughness measurements were taken using the profile method which is
outlined in ISO 4287 [25]. The profile method employs the evaluation of a line profile
collected which represents the texture of a surface. The line profile can then be analyzed
to quantitatively measure a surface’s roughness. There are a variety of different
roughness values that can be calculated from these line profiles.
Each roughness value represents a different metrics that quantifies a particular
aspect of the surface. Arithmetical mean roughness (Ra) and mean roughness depth (Rz)
are two commonly used surface roughness values that quantify the elevation change
along the surface. Where Ra gives a good representation of the overall roughness and Rz
gives a better understanding of the height change between the peaks and valleys. A
representation of both Ra (EQ 3) and Rz (EQ 4) is shown in Figure 12. For periodic
surfaces, Rsm gives a metric for the mean width of the repeated (periodic) profile
elements. Specifically, this can be employed on additive manufacturing processes where
the layers are more pronounced. Essentially, this can be used to quantify the print layer
height. However, this provides no information on how much elevation change is seen
across the repeated profile elements. For this reason, a collection of the different
roughness values provides a better representation of the surface.

Figure 12. Representation of Ra (Left) and Rz (Right) Roughness Values [27]
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Measurements were taken using a Keyence VK-9710 laser microscope. The laser
microscope acts as a profilometer to the entire field of view and collects an image which
quantifies the texture of the surface. The image could then be analyzed using a line
profile and roughness measurements could be attained within the Keyence VK analyzer
software.
The initial image was seen to have a substantial amount of noise in which did not
give an accurate representation of the material surface. As a result, image processing was
required to cut out noise. First, the normal noise elimination built within the Keyence VK
analyzer software was executed. Next, the image was corrected for tilt of the specimen
and the height was rescaled. Finally, a 7x7 (pixel area) gaussian average was executed
five times. This process was consistently repeated for all measurements. A 3D image
before and after processing is shown in Figure 13.

Figure 13. 3D Image of Surface Roughness Scans Prior (Left) and After (Right) Image Processing
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3.5 Tensile
Tensile testing is one of the most widely used mechanical tests. It provides
information such as the ultimate tensile strength (UTS), yield strength, and maximum
elongation. Tensile testing allows for a simple test in which has been standardized and
used to evaluated and compare material properties. It also provides information that can
be used to estimate other mechanical properties that cannot be calculated directly from
tensile testing. This makes it particularly attractive for initial characterization of a
material’s mechanical properties. This study utilizes this widely used mechanical test to
collect valuable data on DED and L-PBF AM GRCop-42. Due to the application in
which this material is used, elevated temperature tensile testing is of great value. This
data helps characterize how the material’s strength changes with temperature. Elevated
temperature testing also creates new challenges in collecting accurate test data. These
challenges stem from thermal gradients seen in the material as well as continuous
temperature control. The experimental method employed for elevated temperature testing
is included along with the typical procedure for testing at room temperature.
3.5.1 Sample Preparation
The sheets extracted from the original single-pass thin-walled contour parts as
outlined in section 3.1 were used to create tensile specimens to evaluate the DED
manufactured material. Due to material quantity constraints, only the HIPed material was
evaluated with tensile testing. Sheets were sent to a machine shop to get the tensile test
specimens cut by means of a water jet. Half of the specimens were cut such that the
orientation of the print layers were in the longitudinal direction (print layers measured 0°
from the specimen’s longitudinal axis). The rest of the specimens were cut such that the
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orientation of the print layers were in the lateral direction (print layers measured 90° from
the specimen’s longitudinal axis). Specimens were sized in accordance with the subsize
specimen found in ASTM E8 [15]. Specimens were lightly sanded to remove small
defects such as sintered powder balls in which could negatively affect the accuracy of
cross-sectional area measurements. The specific dimensions along with an example of a
DED lateral tensile specimen are both shown in Figure 14.

Figure 14. Dimensions of DED Tensile Specimens (Left) and Example of DED Lateral Tensile Specimen
(Right)

Material manufactured by means of L-PBF was also evaluated. The received
GRCop-42 L-PBF material was cylindrical in shape roughly 72 mm in length and 13 mm
in diameter. Tensile specimens were sized to allow placement of the axial extensometer
along the gage length while still being able to grip the specimen under the constraints of
the initial cylindrical volume. Machining was performed on an Intelitek proLight
Computer Numerical Control (CNC) lathe. Specimen specifications along with an
example of a L-PBF tensile specimen are both shown in Figure 15.

23

Figure 15. Dimensions of L-PBF Tensile Specimens (Left) and Example of L-PBF Tensile Specimen (Right)

3.5.2 Room Temperature Testing Methodology
Prior to testing, cross-sectional area measurements were taken at five locations
along the reduced section of the specimen. This obtained an outline of how the crosssectional area changed over its length. Due to the AM process, variation along the
specimen was present in DED samples which made obtaining cross-sectional area along
the entirety of the reduced section important for accurate calculation of engineering
stress.
Tensile testing was conducted on an MTS 858 universal testing machine
following testing procedures in accordance with ASTM E8 [15]. Tests were displacement
controlled at a rate of 0.375 mm/min. Head displacement was recorded using the
machines built-in linear variable differential transform (LVDT). Strain was measured
using an MTS 632.53 high-temperature axial extensometer. The high-temperature
extensometer was used to maintain consistency between room temperature tests and
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elevated temperature tests. Figure 16 displays the room temperature testing setup.

Figure 16. Room Temperature Tensile Testing Setup

3.5.3 Elevated Temperature Testing Methodology
Using the available equipment in SDSU’s Materials Evaluation and Testing
Laboratory (METLAB), elevated temperature testing was conducted in an MTS 653.01
single zone furnace controlled by an MTS 409.83 temperature controller at temperature
set points of 400°C and 600°C. Testing was only conducted on the DED manufactured
material due to material quantity constraints. Tests were run using the same program as
room temperature tests (displacement controlled at 0.375 mm/min). The furnace has a
total height of 55mm which encased the entirety of the reduced cross-section of the
sample. However, the gripped portion of the specimen needed be outside the furnace for
gripping purposes. Furthermore, the MTS 647 hydraulic wedge grips employed water
cooled wedges to ensure the assembly did not reach its maximum operating temperature.
Specimen temperature was measurement using a high-temp, type N thermocouple that
was tied into place to ensure specimen contact prior to testing following
recommendations from ASTM E633 [23]. The thermocouple was placed such that for
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every test it was in the same position relative to the furnace and at the center of the gauge
length. The temperature was then recorded using National Instruments LabView software
along with a compact DAQ system. The temperature of the specimen was monitored, and
the furnace was manually increased to bring the specimen to a steady-state temperature at
the test set point prior to beginning testing. Figure 17 depicts the elevated temperature
tensile testing setup.

Figure 17. Elevated Temperature Tensile Testing Setup

26
4 RESULTS AND ANALYSIS
4.1 Density
Density measurements were taken of both the HIPed material as well as the nonHIPed DED manufactured material. Density measurements were also taken on the PBF
manufactured HIPed material. Table 1 displays the density results from the HIPed DED
manufactured GRCop-42 while Table 2 displays the density results from the non-HIPed
DED manufactured GRCop-42. Density measurements from the HIPed L-PBF
manufactured material is shown in Table 3.
Table 1. Density Measurements of HIPed GRCop-42 Manufactured by DED

Sample
1
2
3
4
5
6
Average

Mass (g)
1.901
1.816
1.273
1.923
2.033
2.303

Volume (cm3)
0.218
0.208
0.147
0.217
0.231
0.263

Std (cm3)
0.0003
0.0003
0.0003
0.0007
0.0005
0.0002

Density (g/ cm3)
8.73
8.72
8.66
8.87
8.79
8.76
8.76 ± 0.07

Table 2. Density Measurements of Non-HIPed GRCop-42 Manufactured by DED

Sample
NH-1
NH-2
NH-3
NH-4
NH-5
NH-6
Average

Mass (g)
1.629
1.811
1.600
2.346
2.199
2.208

Volume (cm3)
0.187
0.209
0.179
0.265
0.249
0.251

Std (cm3)
0.0007
0.0007
0.0006
0.0005
0.0005
0.0002

Density (g/ cm3)
8.69
8.68
8.92
8.84
8.82
8.79
8.79 ± 0.09

Table 3. Density Measurements of HIPed GRCop-42 Manufactured by PBF

Sample
L-PBF-1
L-PBF-2
L-PBF-3
L-PBF-4
L-PBF-5
L-PBF-6
Average

Mass (g)
3.797
5.274
4.315
4.222
4.466
5.140

Volume (cm3)
0.433
0.600
0.489
0.481
0.509
0.587

Std (cm3)
0.0007
0.0005
0.0008
0.0006
0.0005
0.0004

Density (g/ cm3)
8.76
8.79
8.82
8.77
8.77
8.76
8.78 ± 0.02
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No notable changes were seen in the density of the manufactured material. The LPBF along with the differences between the HIPed and non-HIPed material was seen to
have the same densities within their tolerances of error. However, a higher standard
deviation in the density of the DED manufactured material was seen. This could be
attributed by higher inconsistencies in the DED process. On the contrary, due to the
differences in the geometries of the DED material compared to the L-PBF material, the
L-PBF allowed for larger sample volumes. The larger sample volumes could potentially
drive the standard deviation of the L-PBF samples down.

28
4.2 Porosity
Porosity measurements taken from the non-HIPed DED manufactured GRCop-42
is shown in Table 4 while the porosity results of the HIPed DED GRCop-42 is displayed
in Table 5. Also shown, are the results from the HIPed L-PBF GRCop-42 in Table 6.
Table 4. Non-HIPed DED GRCop-42 Porosity Measurements

Sample
1
2
3
4
5
6
7
8
Average

Porosity
(%)
0.011
0.013
0.009
0.026
0.015
0.034
0.031
0.034
0.022

Mean Area
(μm2)
23.953
31.634
136.785
15.918
23.864
33.531
43.121
30.515

Standard
Deviation (μm2)
52.504
115.222
192.160
21.028
60.825
235.992
256.449
76.639

Maximum
(μm2)
545.816
1143.331
707.255
261.377
738.005
4873.907
4566.405
907.131

Mean Pore
Diameter (μm)
5.522
6.346
13.197
4.502
5.512
6.534
7.410
6.233

Table 5. HIPed DED GRCop-42 Porosity Measurements

Sample
1
2
3
4
5
6
7
8
Average

Porosity
(%)
0.087
0.040
0.061
0.056
0.047
0.056
0.045
0.036
0.054

Mean Area
(μm2)
22.028
27.982
30.252
31.071
47.440
31.992
38.656
33.703

Standard
Deviation (μm2)
45.747
68.099
77.713
83.708
85.723
77.745
112.960
94.386

Maximum
(μm2)
661.087
745.644
1498.975
1598.907
1099.249
1168.432
1591.220
1698.839

Mean Pore
Diameter (μm)
5.296
5.969
6.206
6.290
7.772
6.382
7.016
6.551

Table 6. HIPed L-PBF GRCop-42 Porosity Measurements

Sample

Porosity
(%)

Mean Area
(μm2)

Standard
Deviation (μm2)

Maximum
(μm2)

Mean Pore
Diameter (μm)

13
14
15
21
23
Average

0.003
0.004
0.006
0.012
0.004
0.006

79.474
74.176
73.226
167.576
85.215

108.334
189.999
147.862
549.444
227.814

375.995
928.477
598.522
2946.570
974.517

10.059
9.718
9.656
14.607
10.416
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A reduction of 84% was seen in the porosity of the material when manufactured
with a L-PBF process. However, all porosity values seen were less than 0.1% which
could be considered “fully dense” material. However, there was still a notable difference
between the manufacturing methods was could be seen in results as well as visually in the
images. At a microscopic level, it was clear that the DED had more voids throughout the
material. An example of microscopic images used for porosity measurements of both the
DED GRCop-42 and L-PBF GRCop-42 is shown in Figure 18. It should be noted that at
this time, the L-PBF process has been under development for several years while the
DED of GRCop-42 is near its inception so it should be expected for the process to
improve upon further understanding of how manufacturing parameters affect the
material.

Figure 18. Example of Initial Images Taken for Porosity Measurements of DED (Left) and L-PBF (Right)
Samples
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4.3 Surface Roughness
Surface roughness measurements (Ra and Rz) were taken on both the DED and LPBF manufactured GRCop-42. Due to the periodical nature of the DED samples, Rsm was
also recorded for DED samples. Table 7 displays results for the DED manufactured
GRCop-42 while Table 8 shows the results from the L-PBF material.
Table 7. DED Surface Roughness

Sample

Ra (μm)

Rz (μm)

Rsm (μm)

DED-1
DED-2
DED-3
DED-4
DED-5
DED-6
Average

14.67
18.25
11.64
14.01
17.66
15.64
15.31 ± 2.44

84.46
97.85
98.34
86.83
99.89
85.55
92.15 ± 7.23

574.70
640.10
565.24
529.62
671.09
657.03
606.30 ± 57.41

Table 8. L-PBF Surface Roughness

Sample

Ra (μm)

Rz (μm)

PBF-1
PBF-2
PBF-3
PBF-4
PBF-5
PBF-6
Average

17.94
15.71
19.28
15.18
15.37
16.68
16.70 ± 1.63

119.73
111.56
111.90
98.05
98.14
104.17
107.26 ± 8.64

Interestingly, the Ra and Rz values were quite comparable even though from
physical interaction they seem largely different. The surfaces had visual differences in
that build layers are clearly visible on the DED samples whereas no build layers could be
distinguished on the L-PBF samples. Also, the color of the L-PBF samples held more of
the common reddish-brown hue whereas the DED material was a shade of gray. Since
both materials underwent a process of HIPing, it is likely that this color difference is
largely due to the differences in manufacturing processes. The DED process could

31
potentially introduce further oxidation during the manufacturing process over that of LPBF. From a sense of feel, the DED manufactured material was far more uneven with a
bristled feel due to the melted powder balls. Contrary, the L-PBF texture felt much more
even and was like the texture of sandpaper.
An explanation for the similar roughness values (Ra and Rz) between the DED and
L-PBF material despite the clear physical differences is that the textures have similar
variation in elevation change. However, the way in which the elevation change is
distributed across the surface varies dramatically. This can be seen from the example line
scans of the DED and PBF manufactured material shown in Figure 19 and Figure 20,
respectively.

Figure 19. Example Line Roughness Scan of DED Manufactured GRCop-42

Figure 20. Example Line Roughness Scan of PBF Manufactured GRCop-42

The DED material is periodically uneven creating highly distinguishable peaks
and valleys that are created from the build layering of the DED process. Contrary, the LPBF material is far more irregular but randomly oscillates around the mean elevation
whereas the DED material regularly fluctuates around the mean elevation. It should be
noted that in the case of the DED material, the valleys and peaks created from the build
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layering will directly align with each other on each side of the plate which means a
constantly varying thickness of plate. However, with the PBF material, the texture is
random. This means if the PBF process was to make a plate similar in thickness to the
DED material evaluated, it could be expected that the plate thickness would hold mainly
consistent around the mean elevation. Typical surface morphologies of the DED and LPBF manufactured GRCop-42 are shown through 3D scans displayed in Figure 21 and
Figure 22, respectively.

Figure 21. Typical Surface Morphology of DED Manufactured GRCop-42

Figure 22. Typical Surface Morphology of L-PBF Manufactured GRCop-42
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4.4 Tensile
4.4.1 Room Temperature Testing
Room temperature tensile data from the DED GRCop-42 samples are shown for
the longitudinal and lateral specimens in Table 9 and Table 10, respectively. Room
temperature tensile tests were also conducted on the GRCop-42 manufactured by L-PBF,
this is shown in Table 11. Due to the consistency of the gage length cross sectional area
produced on the machined L-PBF samples, the stress was calculated using only the
average cross-sectional area of the specimen.
Table 9. DED GRCop-42 Longitudinal Specimen Tensile Results

Specimen

01
02
06
07
09
Avg
Std Dev

UTS (MPa)
@
@
Average Failure
Area
Area
(mm2)
(mm2)
289.48
294.90
304.41
306.39
282.91
297.26
302.38
306.43
305.95
329.70
297.03
10.23

306.94
13.76

E (GPa)
@
@
Average Failure
Area
Area
(mm2)
(mm2)
N/A
N/A
N/A
N/A
116.46
122.36
120.55
122.17
126.20
136.00
121.07
4.89

126.84
7.93

Max
Strain
(mm/mm)
N/A
N/A
0.198
0.261
0.323
0.260
0.063

Table 10. DED GRCop-42 Lateral Specimen Tensile Results

Specimen

03
04
05
08
10
Avg
Std Dev

UTS (MPa)
@
@
Average Failure
Area
Area
(mm2)
(mm2)
271.42 282.065
283.40
298.79
282.43
299.42
289.18
303.04
291.62
301.04
283.61
7.83

296.87
8.44

E (GPa)
@
@
Average Failure
Area
Area
(mm2)
(mm2)
107.63
111.85
120.09
126.61
130.56
138.41
154.1
161.48
137.51
141.95
129.98
17.58

136.06
18.45

Max
Strain
(mm/mm)
0.204
0.149
0.188
0.219
0.194
0.191
0.0261
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Table 11. L-PBF GRCop-42 Tensile Results

Specimen

UTS (MPa)

E (GPa)

L-PBF - 13
L-PBF - 15
L-PBF - 21
L-PBF - 23
L-PBF - 26
Avg
Std Dev

360.84
357.65
359.62
358.28
360.23
359.10
1.33

124.6
122.04
122.71
120.94
121.32
122.57
1.19

Max Strain
(mm/mm)
N/A
27.1
26.9
26.9
26.7
26.9
0.2

The lateral orientation specimens were seen to have a lower UTS when compared
to the longitudinal. All the failures of the lateral specimens occurred at the interfaces of
the print layers. This was likely due to the stress concentrators that form at the interfaces
of the print layers due to the reduction in cross-section area as described in section 4.3. A
visual representation of this can be seen in the previously presented Figure 19 and Figure
21.
GRCop-42 is a very ductile material which eventually caused the extensometer to
hit its limit of measurement prior to specimen failure. Therefore, the extensometer was
removed before reaching its measurement limit. This resulted in strain measurements up
until 10-11% strain. An approximated strain was then determined based on head
displacement data. Representative stress vs. approximated strain curves are shown for the
DED and L-PBF material in Figure 23 and Figure 24, respectively.
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Figure 23. Representative Tensile Stress Strain Curves of DED Manufactured GRCop-42 (Lateral Specimens)

Figure 24. Representative Tensile Stress Strain Curves of L-PBF Manufactured GRCop-42

The failures on the DED samples occurred much closer to the ultimate tensile
strength compared to the L-PBF samples. This was most likely due to the more localized
necking and extended plastic region after the point of UTS that was seen in the L-PBF
samples. The localized necking is very apparent in the L-PBF samples and can be seen in
the specimens after fracture. Images of typical fractures are shown in Figure 25 of both
the DED sample orientations and a L-PBF Sample.
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Figure 25. Typical Failures Seen on DED Longitudinal (Left), DED Lateral (Middle), and L-PBF (Right)
Specimens

4.4.2 Elevated Temperature Testing
The elevated temperature tensile testing procedure and setup outlined in 3.5.3
Elevated Temperature Testing Methodology was found to produce results strongly
influenced by the furnace set point resulting in unusable results. The specimens under
evaluation had large thermal gradients which did not allow for proper representative
results from the “test temperature” that was recorded from the attached thermocouple.
This resulted in the discarding of the results. To illustrate the influence that furnace
temperature had on the results, Figure 26 and Figure 27 were created. Comparing the
trend of UTS with respect to test temperature and the UTS with respect to the furnace set
point, it is clearly seen that driving factor in the relationship between UTS and test
temperature was the furnace set point. For this, as well as the high thermal gradients in
the material, the elevated temperature testing was found to not give a true representation
of the material at the recorded test temperature and was therefore discarded.
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Figure 26. Elevated Temperature Testing Results: UTS vs. Test Temperature (DED)

Figure 27. UTS vs. Furnace Set Point (DED)
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5 DISCUSSION
Contrary to the expected, the non-HIPed DED material (8.79 ± 0.09 g/cm3) had a
slightly higher density of 0.03 g/cm3 over the HIPed DED material (8.76 ± 0.07 g/cm3)
while the L-PBF (8.78 ± 0.02 g/cm3) resided between the two. However, the differences
in density cannot be concluded to be statistically significant since all density
measurements reside within the tolerances of error. The overall average density was
found to be 8.77 ± 0.07 g/cm3. Higher standard deviations were seen on the DED
manufactured material. This could potentially be due to higher inconsistencies throughout
the material in the DED manufacturing process. However, it could also be attributed to
the L-PBF samples allowing for larger volumes of material to be evaluated in the
pycnometer test chamber due to its cylindrical geometry as opposed to thin flat
specimens. This in turn could drive down standard deviations for the L-PBF samples.
Very little porosity was found in all the material evaluated. However, a reduction
of 84% was seen when manufactured by L-PBF. At a microscopic level, more voids were
visually seen in the material manufactured by DED. Contrary, the porosity found in the
DED material was still <0.1% and could be considered near fully dense. Given the
porosity results in relation to density results, we would expect the L-PBF to have had the
largest measured density. However, a change in the largest measured porosity (0.09%)
would produce a deviation in density (± 0.008 g/cm3) well within the standard deviation
of the density measurements. Therefore, porosity variation was in-distinguishable
through density measurements.
It should be noted that the L-PBF process has been under development for several
years while the DED is nearer its inception. Comparing the porosity results to that of the
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L-PBF porosity results reported during similar developmental phases [4], the DED
process shows substantially better porosity results. Furthermore, we can expect the DED
porosity to improve as further development continues.
Surface roughness measurements of Ra and Rz provided little value as a
comparative metric in that both manufacturing methods produced similar results although
their surfaces were largely different. The DED process produced an Ra of 15.31± 2.44 μm
compared to the L-PBF Ra of 16.70 ± 1.63μm. Similarly, the DED process produced an
Rz of 92.15 ± 7.2 μm compared to the L-PBF Rz of 107.26 ± 8.64 μm. While the Ra and Rz
was not of much value, the line and surface scans provided an understanding of each
material’s texture and the reasoning behind the similarities between the Ra and Rz values.
The two manufacturing methods (DED and L-PBF) were seen to produce two
completely different textures. The DED material had a periodic elevation change around
the mean elevation due to the very distinguishable layers created from the DED process.
Furthermore, the L-PBF material produced a texture consisting of random elevation
change around the mean elevation and had a similar feel to sandpaper while no build
layers could be seen. This is most likely due to the differences in laser spot size during
material deposition. The DED material uses a much larger laser spot size (1.14mm) while
the laser spot size of the L-PBF process is typically in the microns (52 μm [4]). In the
case of the DED material, it should be noted that the interfaces between layers were
associated with the valleys of the line scans and could therefore be subject to stress
concentration. The Rsm of the DED material gave a good representation of the average
build layer height with an Rsm of 606.3 ± 57.41 μm.
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Tensile results showed a substantial decrease in ultimate tensile strength in the
parts manufactured by DED. Statistically evaluating the UTS and the maximum
elongation, a box plot of the data was plotted. Figure 28 and Figure 29 displays both the
UTS and maximum elongation data, respectively. Due to the small sample sizes, testing
for data distribution normality provides little merit and we will assume the data to be
normally distributed in further analysis.

Figure 28. Boxplot of UTS Data
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Figure 29. Boxplot of Maximum Elongation Data

Visually, the boxplots show very notable differences in the performance as well
as the variance between the DED and L-PBF material. To confirm, the data was first
tested for homogeneity of variance using Bartlett’s test to determine if the assumption of
equal variances would be applicable. Bartlett’s test concluded that the two orientations of
DED and L-PBF could not be assumed to have equal variances therefore an analysis of
variance (ANOVA) would not be applicable. The assumption of equal variances between
the lateral and longitudinal DED specimens was found to be valid. Student’s t-tests were
then carried out between the DED orientations while t-tests of unequal variance (Welch’s
t-test) was conducted between the L-PBF and DED orientations. Using a 95% confidence
interval, hypothesis testing was conducted to determine statistically relevant differences.
As seen in Figure 28, it is apparent that the L-PBF material produced higher UTS
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than both DED orientations. The average UTS of the L-PBF, Longitudinal DED, and
Lateral DED material was 359.10 ± 1.33 MPa, 297.03 ± 10.23 MPa, and 283.61 ± 7.83
MPa, respectively. A p-value of 0.0242 supported the hypothesis that the longitudinal
orientation was stronger than the lateral. The L-PBF material showed the highest ductility
with a maximum elongation of 26.9 ± .16 % against the longitudinal (26.0 ± 6.3 %) and
lateral DED (19.1 ± 2.6 %). Hypothesis testing accepted the null that the ductility of the
longitudinal DED and L-PBF as well as the longitudinal and lateral testing were equal.
The L-PBF was found to be >5.3% more ductile than the lateral DED. Stress-strain
curves showed the DED material failed much closer to the location of UTS whereas the
L-PBF material had an extended plastic region beyond the UTS where prominent necking
occurred.
A broader understanding of the large change in UTS between the DED and LPBF processes despite the comparative density and porosity was desired. The DED
material was of interest to be tested in the as-built condition since its application in thin
walled MCC liners where post-processing or smoothening of the surface finish would not
be accessible. However, this resulted in surface roughness that was not present on the LPBF machined tensile samples. The surface roughness on the DED manufactured
material in turn could influence the cross-sectional area measurements taken with a
caliper as well as induce stress concentration at the layer interfaces. The Rz measurements
coincident with tensile strength could provide information on the magnitude of influence.
It can be assumed that the thickness measurements of tensile specimens reference
the peaks of the build layers as seen on the line roughness scans (Figure 19). Using the Rz
measurements for the DED material, we can estimate the average overshoot of the cross-
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sectional area assuming the functional cross-sectional area is measured from the valleys.
This results in an average overshoot of cross-sectional area by 14%. Assuming the 14%
overshoot into our ultimate tensile strength, the DED material would have an average
UTS of 338 MPa and be comparable with the lower range of UTS in the early
development of L-PBF GRCop-42 (339 MPa). Being that the assumed UTS is still lower
than the lowest UTS seen in previous L-PBF results, suggests possible structural
differences in manufacturing processes aside the effects of surface roughness.
There are considerations that should be made regarding the presented study.
Due to the new development of AM GRCop-42 using DED, specific areas of potential
concern were unable to be evaluated based on the geometry of the material. The material
manufactured by DED was a single-pass thin-walled contoured part (“Racetracks”). This
means that no horizontal layering (layers side by side as opposed to stacked on each
other) could be evaluated. It would not be correct to assume that the material continuum
be similar for both vertical and horizontal layering for thermal and gravitation effects
could potentially deviate results. Therefore, further testing evaluating parts produced with
horizontal layering would be of interest.
Another area of consideration would be surface roughness and its effects on
tensile strength. In the presented study, it was of interested to understand the tensile
strength of the DED material in the as printed form due to its application in MCC where
thin-walled liners where little to no post-processing would be the most beneficial. Further
research could help produce valuable data that would help guide optimum DED
manufacturing techniques for MCC liners and nozzles. Manufacturing parts of the same
geometry as the L-PBF samples and machining them for tensile testing would aid in a
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more direct comparison of variances within the L-PBF and DED material to conclude
whether there are real structural differences in the manufacturing processes.
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6 CONCLUSIONS
This study evaluated the performance of HIPed and non-HIPed GRCop-42
manufactured by DED as well as HIPed GRCop-42 manufactured by L-PBF. The main
area or interest consisted of how the DED manufacturing methods compared to the more
developed AM method of L-PBF. Quantifiable measurements were taken so that a
comparison between the DED and L-PBF process could be completed. These
measurements included: density, porosity, surface roughness, and tensile strength.
All the GRCop-42 material evaluated in this study was found to have consistent
density independent upon the manufacturing process averaging at 8.77 ± 0.07 g/cm3.
Porosity was found to be very good at <0.1% in all material. However, the L-PBF was
still seen to have 84% less porosity over the DED. The DED process produced material
of which had a periodic elevation change (wavy), and the build layers could be visually
seen. The L-PBF had random elevation change around the mean and the build layers
could not be visually seen which is due to the much smaller laser spot size used in LPBF. Despite the visual and textural differences, surface roughness (Ra, Rz) measurements
were comparable for both the DED and L-PBF. The layer height for the DED was
determined through Rsm measurements and was around half that of the laser spot size
used in the DED process (1.14mm)
On average, the L-PBF had a UTS of 359.10 ± 1.33 MPa compared to all the
DED whose UTS was around 290 MPa. A statistical analysis was conducted at a 95%
confidence interval of the tensile results and made several conclusions. The L-PBF was
stronger than the DED longitudinal and lateral samples, while the longitudinal specimens
were stronger than the lateral. The L-PBF was also concluded to be more ductile than the
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DED lateral specimens. No conclusions could be made on the ductility between the
longitudinal and lateral or the L-PBF and the lateral specimens.
Overall, the DED process was seen to produce a visually homogenous material of
little porosity and outperformed that of L-PBF in porosity at similar developmental
stages. Significantly lower tensile strength was seen in the DED material which was
concluded to be influenced by the thin specimens with surface roughness periodically
produced by the build layers in the DED process. However, even with the assumption of
no surface roughness, lower tensile strength would still have been seen signifying
potential structural differences between the manufacturing methods. The DED process
demonstrates to be a viable and effective way of AM GRCop-42 and potential to produce
parts of similar quality of L-PBF with possible differences in manufacturing variance.
With continued development, DED demonstrates the capability of producing parts of
high performance at lower costs and higher build speeds compared to L-PBF.
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APPENDIX 1
Statistical Analysis Code and Results on Tensile Data
clear all
close all
clc

DATA
%UTS (MPa)
pbf_uts = [360.84 357.65 359.62 358.28 360.23];
ded_uts = [289.48 304.41 282.91 302.38 305.95 271.42 283.4 282.43 289.18 291.62];
lat_uts = [271.42 283.4 282.43 289.18 291.62];
long_uts = [289.48 304.41 282.91 302.38 305.95];
%Strain (%)
pbf_str = [27.1 26.9 26.9 26.7];
ded_str = [19.8 26.1 32.3 20.4 14.9 18.8 21.9 19.4];
lat_str = [20.4 14.9 18.8 21.9 19.4];
long_str = [19.8 26.1 32.3];
%Data Compilation
UTS = [pbf_uts long_uts lat_uts];
str = [pbf_str long_str lat_str];
x = 'L-PBF';
y = 'DED Longitudinal';
z = 'DED Lateral';
group_uts = {x x x x x y y y y y z z z z z};
group_str = {x x x x y y y z z z z z};

Variance Testing - Tensile
[Var_UTS_3 stats] =
[Var_UTS_DED stats]
[Var_str_3 stats] =
[Var_str_DED stats]

vartestn(UTS',group_uts')
= vartestn(UTS(6:15)',group_uts(6:15)')
vartestn(str',group_str')
= vartestn(str(5:12)',group_str(5:12)')

UTS Hypothesis Testing
[h1 p1 ci1 stats] = ttest2(pbf_uts, long_uts, 'Vartype', 'unequal')

%PBF vs DED long

(equal?)
[h2 p2 ci2 stats] = ttest2(pbf_uts, long_uts, 'Vartype','unequal','Tail','Right')
vs DED long (PBF > DED long)
[h3 p3 ci3 stats] = ttest2(pbf_uts, lat_uts, 'Vartype', 'unequal')
(equal?)

%PBF vs DED lat

%PBF
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[h4 p4 ci4 stats] = ttest2(pbf_uts, lat_uts, 'Vartype','unequal','Tail','Right')
vs DED lat (PBF > DED lat)

%PBF

[h5 p5 ci5 stats] = ttest2(long_uts, lat_uts)
%DED - Long vs Lat (equal?)
[h6 p6 ci6 stats] = ttest2(long_uts, lat_uts, 'Tail','Right') %DED - Long vs Lat (Long >
Lat)

Strain Hypothesis Testing
[h7 p7 ci7 stats] = ttest2(pbf_str, long_str,'Vartype','unequal') %PBF vs DED long
(equal?)
[h8 p8 ci8 stats] = ttest2(pbf_str, lat_str,'Vartype','unequal') %PBF vs DED lat (equal?)
[h9 p9 ci9 stats] = ttest2(pbf_str, lat_str,'Vartype','unequal','Tail','Right') %PBF vs
DED lat (PBF > DED lat)
[h10 p10 ci10 stats] = ttest2(long_str, lat_str)

%DED - Long vs Lat (equal?)

Boxplots
boxplot(UTS,group_uts,'notch','off')
grid on
ylabel('UTS (MPa)')
boxplot(str,group_str,'notch','off')
grid on
ylabel('Maximum Elongation (%)')

Published with MATLAB® R2019a
DED Longitudinal vs. DED Lateral
Type of t-test
Evaluating
Alt Hypothesis
t-value
degrees of freedom
p-value
Accept/Reject
CI Upper
CI Lower

Student's
UTS - DED Long v Lat
Long =/ Lat
2.3279
8
0.0483
Accepts Alt - Long =/ Lat
26.7055
0.1265

Student's
UTS - DED Long v Lat
Long > Lat
2.3279
8
0.0242
Accepts Alt - Long > Lat
inf
2.6994

Student's
Max Strain - Long v Lat
Long =/ Lat
2.2818
6
0.0626
Rejects Alt - therefore -> Long = Lat
14.479
-0.5057
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L-PBF vs. DED Longitudinal
Type of t-test
Evaluating
Alt Hypothesis
t-value
degrees of freedom
p-value
Accept/Reject
CI Upper
CI Lower

Welch's
UTS - PBF vs DED long
PBF =/ DED long
13.4964
4.1355
1.42E-04
Accepts Alt - PBF =/ DED long
74.9499
49.6461

Welch's
UTS - PBF vs DED long
PBF > DED long
13.4964
4.1355
7.09E-05
Accepts Alt - PBF > DED long
inf
52.5495

Welch's
Max Strain - PBF vs DED long
PBF =/ DED long
0.2309
2.002
8.39E-01
Rejects Alt - therfore -> PBF = DED long
16.3481
-14.6815

L-PBF vs. DED Lateral
Type of t-test
Evaluating
Alt Hypothesis
t-value
degrees of freedom
p-value
Accept/Reject
CI Upper
CI Lower

Welch's
UTS - PBF vs DED lat
PBF =/ DED lat
21.3166
4.2314
1.82E-05
Accepts Alt - PBF =/ DED lat
85.3665
66.0615

Welch's
UTS - PBF vs DED lat
PBF > DED lat
21.3166
4.2314
9.08E-06
Accepts Alt - PBF > DED lat
inf
68.2594

Welch's
Max Strain - PBF vs DED lat
PBF =/ DED lat
6.6712
4.039
2.50E-03
Accepts Alt - PBF =/ DED lat
11.0622
4.5778

Welch's
Max Strain - PBF vs DED lat
PBF > DED lat
6.6712
4.039
1.30E-03
Accepts Alt - PBF > DED lat
inf
5.3279

